Abstract⎯This paper is concerned with the geological history and petrology of a major polygenic volcanic edifice dating back to Upper Pleistocene to Holocene time. This long-lived volcanic center is remarkable in that it combines basaltic and trachybasaltic magmas which are found in basaltic andesite and trachybasaltictrachyandesite series. The inference is that the coexisting parent magmas are genetically independent and are generated at different sources at depth in an upper mantle volume. The associated volcanic rocks have diverse compositions, stemming from a multi-stage spatio-temporal crystallization differentiation of the magmas and mixing of these in intermediate chambers.
INTRODUCTION
The information on the Ploskie Sopki massif can be found to varying degrees of detail in (Sirin, 1968; Piip, 1956; Ermakov, 1977; Flerov and Ovsyannikov, 1991; Churikova, 1990 Churikova, , 1993 Churikova and Sokolov, 1993; Churikova et al., 2001 Churikova et al., , 2012 Churikova et al., , 2013 . Our studies supplied considerable corrections to the interpretation of the volcanic history for the formation of the massif and the associated petrogenesis. The Ploskie Sopki massif ( Fig. 1) is the largest polygenic (as to morphology and geology) volcanic edifice in the Klyuchevskoi Volcanic Cluster. It is made of the paired edifices of the Late Pleistocene Ushkovskii (3943 m) and Krestovskii (4108 m) stratovolcanoes. The summit part of Ushkovskii Volcano and part of Krestovskii are truncated by a 4.5-km × 5.5-km collapse caldera, which includes two cinder cones, Kherts and Gorshkov, and is filled with a glacier. Krestovskii Volcano is a fragment of the volcanic cone that has been spared by the collapse, and which makes up the N-NW-W steep wall of the collapse cirque. The slopes of the massif abound in cinder and cinder-lava cones due to parasitic eruptions at different hypsometric levels. Some of these are along the periphery of Ushkovskii Volcano, while most of the cones are confined to a narrow zone striking SSW-NNE-NE, which traverses the top of the massif and its slopes, and can be followed for a distance of 60 km, with the width varying between 6 and 8 km. One peculiar feature of the massif consists in the presence of normal and high alkalinity volcanic rocks within a single edifice, which exhibit a variety of structural aspects ranging between aphyric and megaplagiophyric. The present study draws upon material acquired for several sections of the volcano, with 237 chemical analyses of the rocks and 1540 analyses of the composition of rock-forming minerals.
MATERIALS AND METHODS
The analyses of the petrochemical compositions were mostly performed at the Institute of Volcanology and Seismology (IV&S), Far East Branch, Russian Academy of Sciences (FEB RAS) by wet chemistry, with part of this work being carried out at the Vinogradov Institute of Geochemistry (IG), Siberian Branch (SB) RAS by the XRF technique. The compositions of rock-forming minerals were determined using a Camebax X-ray microanalyzer (at IV&S FEB RAS) with an INCA installed energy dispersive spectrometer whose crystal had an area of 80 mm 2 . The current in the mode of the energy dispersive spectrometer at the Ni standard was 20 nA, the accelerating voltage was 20 kV, and the peak exposure was 15 seconds. The standards were blue diopside (Si, Mg, Ca), synthetic ilmenite (Fe, Ti), synthetic aluminum phosphate (Al, P), albite (Na), orthoclase (K), synthetic chromium oxide (Cr), and rhodonite (Mn). We studied polished sections of rocks and monomineral fractions larger than 0.25 mm across, which were selected from crushed samples as heavy as 300 grams. The method of mineral sampling was also used in order to obtain statistical Volcanic features: (1) in the Tolbachik areal zone Q 4 ; (2, 3) Upper Pleistocene through Holocene -Q 4 features in the superimposed regional zone of cinder cones: cinder cones and lava flows of basaltic andesite and andesitic compositions with normal and higher alkalinity (2), agglomerate pyroclastic deposits due to intra-caldera eruptions, pyroclastic flows (3); (4-6) Upper Pleistocene features due to the stratovolcanoes : Krestovskii basalts (4), (5, 6) lava-pyroclastic features of basaltic and basaltic andesite compositions with normal and higher alkalinities due to Ushkovskii Volcano: rocks of various macro-textures (5), lavas of the megaplagiophyric aspect (6); (7) Upper Pleistocene basalts due to the shield volcano ; (8) Middle Pleistocene features of the basement plateau Q 2 ; (9) features in the basement of Ostryi Tolbachik and Ploskii Tolbachik stratovolcanoes; (10) Krasnyi Utes block outlier, basaltic andesites and andesites due to Ushkovskii stratovolcano; (11) the Kherts and Gorshkov cinder cones and cinder cones (1 and 2, respectively, in this figure) in the caldera; (12) other cinder cones; (13) features due to parasitic eruptions on Ushkovskii; (14) destroyed chains of craters (a), destroyed cones (b); (15) eruption centers; (16) Ushkovskii (a) and Krestovskii (b) stratovolcanoes; (17) Klyuchevskoi, Kamen', and Srednii stratovolcanoes; (18) caldera scarps that have relief expression (a) and that are buried in pyroclastic deposits and under a glacier (b); (19) tectonic step on Studenaya R.; (20) moraines; (21) glaciers; (22) inferred faults: those having magma control on the eruptions in the regional zone of cinder cones (a); the fault that caused normal movement in the eastern sector of stratovolcano edifices (b). The geological sketch map of the massif is based on maps in (Sirin, 1968; Flerov and Ovsyannikov, 1991) . The inset shows the location of the massif. information on phenocryst minerals, which were rare in polished sections.
A GEOLOGICAL REVIEW The Ploskie Sopki massif stands on an extensive gently sloping volcanic plateau whose surface is at 1000 m altitude. Its deposits as thick as 200 m are occasionally exposed in a section of the steep scarp of the right-hand wall of the Studenaya R. canyon (Churikova et al., 2015a, Fig. 3) . The plateau rocks are trachybasalts and basaltic trachyandesites; they exhibit a wide variety of texture, ranging from aphyric to large-grain porphyry varieties. The latter include megaplagiophyric lavas whose exposures are also found at considerable distances from the center of the volcano, being exposed in the basements of Ziminy Sopki and Bezymyannyi volcanoes, as well as in the walls of the Kamchatka River. According to its structure and composition this rock mass is a stratotype of the Khapichen plateau (Ermakov, 1977) ; 40 Ar/ 39 Ar determinations give an age fitting the Middle Pleistocene: a sample from the Khapichen plateau has an age of 274 ± 8 ka and that from the Studenaya section is 262 ka (Calkins, 2004) .
The formation of the entire Ploskie Sopki massif as a long-lived volcanic center (see Fig. 1 ) was determined to have occurred during Upper Pleistocene through Early Holocene time (Braitseva et al., 1995; Ponomareva et al., 2013; Bazanova et al., 2016) and was at first thought to have been related to the activity of a large shield volcano ( ) (referred to in what follows as the shield volcano). This shield volcano stands on the plateau rocks and is composed of effusions of basaltic magma. It was the predecessor of the Ushkovskii stratovolcano, which has inherited its eruption center. The shield volcano has a diameter of 40-50 km; the top of its lava flows dips at approximately 8 о -10 о .
Ushkovskii Volcano ( ) stands out from the relief with its steep slopes dipping at 35°-40° and a step-like stratified structure; it shows a high degree of explosivity, and is composed of alternating lava flows and pyroclastic deposits. Its structure is very obviously dominated by basalts, which are typical in the basement of this edifice, giving way further upward to alternating basaltic-basaltic andesite and trachybasaltic-basaltic trachyandesite series. The section shows short flows and lenses of megaplagiophyric lavas whose compositions are like those just mentioned; these also terminate the section at the top in the shape of a wide mantle in the top parts of its western and eastern sectors (see Fig. 1 ). All the above rock varieties also occur in ejecta of parasitic vents.
The Krestovskii stratovolcano has a purely basaltic composition of its discharges. It was formed as the eruption center moved northward from the summit of Q Ushkovskii Volcano; this seems to have occurred after a break in volcanic activity that was comparable with the period of glacial erosion. Its structures mostly concentrate in the northern sector of the massif and wedge out in the northwestern sector where basaltic flows overlie the upper sequence of the Ushkovskii megaplagiophyric basaltic andesites. The varieties whose phenocrysts are dominated by plagioclase are less abundant in the total mass of Krestovskii basalts, while megaplagiophyric lavas are only present in the Krestovskii dikes, which are probably conduits that supplied material for the post-caldera eruptions of the massif. At the same time, we encounter basalts enriched in high magnesia olivine and chromopicotite and basalts with high concentrations of titanomagnetite (up to 10%). Geological and geomorphologic studies gave the result that the shield volcano and the Ushkovskii and Krestovskii stratovolcanoes, as well as all the stratovolcanoes in the Klyuchevskoi Volcanic Cluster, were formed in the 40-60 ka time span (Melekestsev et al., 1970; Braitseva et al., 1995; Bazanova et al., 2016) .
The Late Pleistocene through Early Holocene time was remarkable in that the geodynamic setting was changed in the region; the change manifested itself in tectono-magmatic activation that took place after a long period of relative quiescence. The central-type volcanism that had produced the stratovolcanoes gave way to fissure-type volcanism. The leading structural and magma-controlling element of volcanic occurrences is an arcuate fault striking nearly east-west to northeast; it traverses the volcanic massif and passes through the summits of both stratovolcanoes. The geotectonic processes have produced two collapse calderas within the massif; these collapses have destroyed the summit part of Ushkovskii Volcano and part of Krestovskii Volcano; a graben was formed on the S-SW slope of Ushkovskii Volcano together with extant outliers, or blocks of the Ushkovskii edifice. A large collapse in the eastern sector of the massif occurred to expose a section of the stratovolcano deposits, along with other secondary tectonic movements. Eruptions were occurring throughout the entire length of the fault zone to generate a volcanic zone (a regional zone of cinder cones) with numerous cinder and cinderlava cones and areal effusions of basaltic trachyandesite and trachyandesitic lavas that had filled both calderas and the graben. This character of volcanic occurrences is similar to Hawaiian "rifts," and is especially noticeable in a similar Holocene dispersed zone of cinder cones in the Tolbachik Dol, which is still active today (Braitseva et al., 1984; Flerov et al., 2015) . Later volcanic activity mostly concentrated in the caldera and in the SW part of the fissure zone. The caldera was completely filled with lava, producing a shield upland with the Kherts and Gorshkov cinder cones of basaltic andesite compositions, while its flows made a mantle over the stratovolcano in its southern and eastern sectors. The caldera lavas are mostly rocks with megapla-giophyric and mesoplagiophyric textures. Effusions of megaplagiophyric lavas that seem to have been simultaneous with the caldera lavas also occurred during the effusive eruption on the Lavovyi Shish group of cones 20 km northeast of the caldera rim in the fissure zone at the N-NE foot of Klyuchevskoi Volcano (see Fig. 1 Ar age of a lava sample from early eruptions was dated 25 ka, while tephrogeochronologic studies give the age of the last eruptions as 8600-1100 14 C years BP (Calkins, 2004; Ponomareva et al., 2013; Bazanova et al., 2016) .
The entire volcanic edifice is cut through by numerous dikes of various ages; the rocks are the same varieties as the rocks of the entire massif. The intracaldera explosive eruptions during the early stage produced deposits of agglomerate pyroclastic flows with rock fragments (up to 30% of the volume) from a section of the volcano which were recorded on the outer and inner slopes of the caldera wall and are fragmentarily exposed beneath younger lava flows at the southern foot of the massif, making a rock sequence as thick as 40 m. These deposits, as well as the mesoplagiophyric trachyandesite of the caldera lava flow, were found to contain xenoliths of volcanogenic-sedimentary rocks, amphibolites, gabbroids, and broken-down olivinites. To sum up, the geologic structure and evolution of the massif allow one to treat the entire variety of volcanic rocks as a single totality that is paragenetically related to the multistage evolution of the volcano's magmatic system in space and time.
THE PETROCHEMISTRY
Unpublished analyses of the present authors supplemented with those from (Churikova and Sokolov, 1993; Churikova, 1993; Ivanov, 2008) were used to make petrochemical diagrams. Representative chemical compositions for rocks sampled in the Ploskie Sopki massif are listed in Table 1 . It appears from the diagrams in Fig. 2 that all volcanic rocks in the massif generally plot in a single common field. The compositions form a continuous series with regard to silica/alkalinity in the SiO 2 49-60 wt % interval with a trend to progressively increasing total alkalies (mostly K 2 О). However, the distribution of data points and their positions in the diagrams for rock varieties sampled from different geologic features, which represent different stages of volcanism in the geological history of the massif, lend themselves to identification of two petrochemical rock series. All the rocks are calc-alkaline. Considering their total alkalies, they are normal and moderate alkaline varieties (referred to as higher alkalinity in the main text), while the concentration of K 2 О classifies them as moderate potassium and high potassium varieties. The normal alkaline rocks are basalts, less frequently basaltic andesites and andesites. Basalts are the most widespread rock type in the massif, they compose the shield volcano and Krestovskii, and dominate Ushkovskii; andesites are only found among some features on the zone of cinder cones. Rocks of higher alkalinity are trachybasalts, basaltic trachyandesites, and trachyandesites. Trachybasalts and basaltic trachyandesites are prevalent in the basement plateau and in the Ushkovskii stratovolcano; trachyandesites are found in insignificant amounts there, while the zone of cinder cones is dominated by trachyandesites (see Fig. 2 ).
The regression lines for the rocks of normal and higher alkalinity are nearly parallel. These sets of rocks show a linear distribution of compositional points with a positive correlation between alkalies and SiO 2 , while their positions in the diagrams of Fig. 2 demonstrate the relative discreteness of normal and highly alkaline rocks. The rocks of normal alkalinity make a trend in the interval of SiO 2 49-55%, while the rocks of higher alkalinity in the Ushkovskii stratovolcano and in the zone of cinder cones make a single common set whose overall trend is within SiO 2 51-57% and 53-60%, respectively. The Ushkovskii rocks show stepwise increases in alkalinity in the 51-54% SiO 2 interval through intermediate varieties; the increase is from 4 wt % to 5.6 wt % Na 2 O + K 2 O, which allows one to identify two orthogonal trends, viz., basalt to trachybasalt and basaltic andesite to basaltic trachyandesite (unfilled arrows in Fig. 2 ). Basaltic andesites and andesites also form individual lava flows in the caldera and make up the intra-caldera cones of the Kherts and Gorshkov craters in the zone of cinder cones (see Figs. 2a and 2b, Table 1 , nos. 59, 60). It can be seen in the diagrams of Fig. 2 that the compositional field of rocks discharged by parasitic eruptions completely overlaps the Ushkovskii volcanic rocks, while the compositions of highly alkaline rocks sampled from the plateau and from the Ploskie Sopki massif plot within those for the Khapichen plateau.
Considering that the rock compositions are identical, the analysis of the correlation diagram of oxides versus SiO 2 (Fig. 3) places the emphasis on comparisons between compositions in accordance with the petrochemical series of normal and higher alkalinity. According to the concentration of silica, most of the volcano rocks are silicic and high silica varieties, being characterized by concentrations of that element between 16% and 20%. However, Krestovskii and Ushkovskii gave several high magnesia samples of basalt that contain 14-15 wt % Al 2 O 3 and 9-10 wt % MgO, respectively (see Figs. 3c, 3d) . The overall picture that emerges from inspection of the diagrams of (Churikova et al., 2015a) , (10, 13, 17, 24) (Ivanov, 2008) ; (1, 8, 9, 18, 19, 21, 31) were performed at the Institute of Geology, Far East Branch, Russian Academy of Sciences using the XRF technique; the rest of the analyses were performed at the Institute of Volcanology, Far East Branch, Russian Academy of Sciences by wet chemistry. * Total iron. Textures: aph, aphyric; saph, subaphyric; por, porphyric; mgpa, megaplagiophyric; mspa, mesoplagiophyric. No. 29 is Lavovyi Shish, no. 32 is Gorshkov cone (see Fig. 1 ).
N o . (1) basement plateau; (2-3) Ushkovskii (2) and Krestovskii (3) stratovolcanoes; (4) the regional zone of cinder cones; (5) compositional field of rocks discharged by parasitic eruptions; (6, 7) evolutionary trends for rocks of normal (6) and moderate (higher) alkalinity (7); (8) direction of alkalinity variation; (9) compositional field for rocks in the Khapichen plateau (Ermakov, 1977) . Discrimination diagrams, after (Petrograficheskii kodeks …, 2009; Peccerillo and Taylor, 1976) . Roman numerals denote identification numbers of the following series: low potassium series (I), moderate potassium calc-alkaline series (II), high potassium calc-alkaline series (III), and subalkaline series (IV). (1) rocks of normal alkalinity; (2) rocks of higher alkalinity; (3, 4) evolutionary trends for rocks of normal (3) and moderate (higher) alkalinity (4); (5) range of textures (Cox et al., 1979) . At the same time, careful examination will reveal certain differences in several diagrams between the distributions of data points for rocks of normal and higher alkalinity; this manifests itself in relative displacements of their fields and different orientations of the compositional regression lines and the evolutionary trends of the rocks. Distinct differences are observed in the concentration of titanium in rocks of normal and higher alkalinity, which manifests itself in trends of, respectively, direct and reverse correlative relationships in the variation of TiO 2 concentration (see Fig. 3a ). The linear distribu-tions of data points showing more or less reliable correlation relative to SiO 2 are noted for MgO, CaO, and FeO*, with the regression lines for the concentrations of these oxides in the rocks of normal and higher alkalinity series being oriented nearly parallel (see . Similarly to Fig. 2 , the Ushkovskii basaltoids show two trends of variation for oxide concentrations, with the vector being from basalt to basaltic andesite in the one case and from basalt to trachybasalt in the other. The above features in the evolution of rock composition for various structural and age units in the Ploskie Sopki massif can be viewed as providing evidence of their common paragenesis.
PETROGRAPHY AND MINERAL COMPOSITION
The petrographic varieties of Ploskie Sopki volcanic rocks are controlled by variations of quantitative mineral relationships and by macrostructures ranging from aphyric to megaplagiophyric. The concentration of phenocrysts and subphenocrysts varies within the 5-50% range of rock volume, producing porphyry and serial porphyry textures. The absolute majority of all rock types, both of normal and higher alkalinity, shows the following mineral association of phenocrysts and subphenocrysts: plagioclase + olivine + clinopyroxene + titanomagnetite. The basalts contain both bipyroxene-olivine-plagioclase rocks and plagioclase varieties with sporadic phenocrysts of mafic minerals. The phenocrysts and subphenocrysts of mafic minerals are usually dominated by olivine. The concentration of orthopyroxene varies between the presence of sporadic crystals and 2-3% in the bipyroxene varieties of basalt. Rocks that are dominated by orthopyroxene are more rare; the high magnesia basalts of Krestovskii are substantially dominated by olivine. The rocks were found to contain polymineral Ol + Cpx + Pl ± Opx ± TiMt ± Ilm and monomineral glomerous growths. The trachybasalts contain clinopyroxene in substantially lower amounts; one notes olivine-plagioclase (oxygen-free) varieties. The ore mineral that is represented by the spinel group was found in both basalt types in phenocrysts, subphenocrysts, and as a guest mineral in phenocrysts consisting of olivine, pyroxene, and plagioclase; it is less abundant in basalts of normal alkalinity. The mineral association of microlites corresponds to that of phenocrysts, but is dominated by plagioclase, while pigeonite is encountered among microlites in basalts; the ore mineral is usually powdered in a glassy basis.
The mineral composition of the basaltic andesites and basaltic trachyandesites is similar to that for the basalt types described above. As the silica concentration increases in a rock it has smaller sizes and concentrations of mafic minerals, down to the presence of only some isolated grains; the amount of plagioclase becomes much greater, while the relative amount of clinopyroxene increases among the mafic minerals.
Orthopyroxene phenocrysts and subphenocrysts are a common occurrence in basaltic andesite; they are present in acidic varieties of basaltic trachyandesites. The microlite association is dominated by feldspar, the mafic minerals always include clinopyroxene, while basaltic andesites contain microlites of orthopyroxene and olivine, as well as pigeonite. The rocks of trachyandesitic compositions include bipyroxene-plagioclase and plagioclase varieties. Olivine is very rarely present in the form of individual small grains in polished sections or in crushed samples; the same can be said about pigeonite in groundmass. The accessory minerals include small apatite crystals, and very rarely amphibole in basaltic andesite and andesitic rocks.
According to its structure the Ushkovskii rocks include porphyry, subaphyric, and megaplagiophyric varieties, with porphyry varieties being usually present in Ushkovskii Volcano. The abundance of megaplagiophyric lavas somewhat increases from basalts to basaltic andesites and is greatly reduced in andesites.
More typical for the rocks in the zone of cinder cones are subaphyric, aphyric, and fine-porphyry macrotextures dominated by a plagioclase phase, a decidedly porphyry groundmass, and a glassy matrix, thus providing evidence of rapid crystallization. In addition, there are close-impregnated megaplagiophyric lavas that are typical of caldera effusions.
Olivines. Representative olivine compositions are listed in Table 2 . It can be seen in the diagram of Fig. 4 that the phenocryst fields and the fields of olivine subphenocrysts from rocks of normal and higher alkalinity mostly overlap. Nevertheless, considering the statistics of the determinations, one can tentatively identify some differences in their compositions. The olivines from basalts and basaltic andesites, when considered with regard to the concentration of forsterite, make a comparatively continuous series in the Fo (%) 88-56 interval with mass crystallization from Fo (%) 83 (see Figs. 4a, 4b) . The highest magnesia olivines Fo 92-93 , which seem to be the first liquidus phase of rock crystallization in the massif, are encountered only in the Krestovskii basalt and are characterized by lower values of CaO (0.12-0.13 wt %).
The olivines from trachybasalts and basaltic trachyandesites are characterized by a narrow range of forsterite concentration; their mass crystallization begins at Fo 77 . The variations in olivine composition from the trachyandesites sampled in the zone of cinder cones are in complete agreement with those of basaltic trachyandesites. Olivines of the Fo (%) 84-85 composition are infrequently encountered in all types of rocks of higher alkalinity (see Figs. 4a, 4b) . The positions of the microlite data points in the diagram (see Fig. 4b ) suggests two nearly parallel trends in the compositional evolution of olivines, with normal (and high CaO) and higher (and lower CaO) alkalinity, respectively. We note that phenocrysts of olivine Fo 83 from basalt were found to contain microinclusions of garnet Spinellids. According to chemical composition we can distinguish two types of spinellids: chromopicotites and titanomagnetites with fluctuating concentrations of titanium, aluminum, and chromium (Table 3 , Fig. 5) . Chromopicotite, being a typomorphic mineral, with a high concentration of Cr 2 O 3 (27-29 wt %) and Al 2 O 3 (17 wt %), was encountered as a guest mineral in olivine phenocrysts and as an independent phase in the Ushkovskii and Krestovskii basalts. It occupies an obviously discrete position in the diagram, thus providing evidence of intermittently stagelike crystallization. Titanomagnetites occur in all rock types of the massif, with the minerals from basalts being systematically enriched in chromium and aluminum compared with those from trachybasalts. A chromopicotite crystal and an inclusion of chromopicotite in olivine Fo 85 were found in the monomineral fraction of trachyandesites in the zone of cinder cones and in the Ushkovskii basaltic trachyandesite (see Fig. 5 ).
Clinopyroxenes. The clinopyroxenes in phenocrysts and subphenocrysts from basalts and basaltic andesites are represented by the salite-augite series and their microlites by augite and pigeonite (Figs. 6a, 6d , Table 4 ). The minerals from rocks of higher alkalinity largely correspond with augite, while those from basaltic trachyandesites and trachyandesites have higher concentrations of the fayalite minal (see Figs. 6b, 6c, Table 4 ). Occasional salite grains were only found in monomineral fractions of crushed samples in rocks of higher alkalinity. The microlites make up the augitesubcalcium augite-pigeonite series (see Fig. d ).
According to the Mg # Cpx-Ti relationship, the phenocryst clinopyroxenes from rocks of normal and higher alkalinity plot within the same field with a reverse correlative relationship that is typical of them (Fig. 7) . However, the clinopyroxenes from rocks of normal alkalinity differ significantly from the clinopyroxenes from basalts of higher alkalinity by an originally longer regression line, which covers the field of high magnesia compositions during the earlier stages of crystallization, viz., the magnesium intervals of Cpx are 84-67 for basalts of normal alkalinity and 77-69 for basalts of higher alkalinity, respectively. Nevertheless, a single grain of high magnesia clinopyroxene with Mg # = 84 was also encountered in a trachybasalt under study. Compared with the basalt clinopyroxenes, some Cpx from trachybasalts were enriched in Ti, while the others occurred in the field of compositions where that element has a lower concentration.
The clinopyroxenes from basalts and basaltic andesites make a persistent trend 1, which extends into the field of microlite data points (see Figs. 7a, 7b) . Two sets can be seen among the clinopyroxenes from basaltic trachyandesites and trachyandesites on the background of a wide variability in the concentration of Ti (see Fig. 7b ). One set of clinopyroxene points sampled among basaltic trachyandesites makes up trend 2, which is primarily coincident with or nearly parallel to that for basaltic andesites, but which involves a tendency of rapidly increasing concentration of Ti, while the other (basaltic trachyandesites and trachyandesites) makes a nearly horizontal trend 3 from Mg # Cpx = 74. Remarkably enough, the pigeonites in rocks of normal and higher alkalinity also differ in magnesia content: Mg # Pig -63-67 and 56-61, respectively. In addition, the basaltic trachyandesites and trachybasalts were found to contain only occasional grains of high magnesia clinopyroxenes with Mg # = 80-85 (see Fig. 7 ). Clinopyroxenes of the fassaite composition with abnormally high concentrations of titanium (TiO 2 = 1.6-2.2 wt %) and aluminia (Al 2 O 3 = 9.8-14.9 wt %) were encountered in a melt inclusion in olivine (see Table 2 , Fig. 7a ).
Orthopyroxenes are represented by the continuous bronzite-hypersthene series with the intervals Mg # Opx 78-68 and 75-62 in rocks of the basalt-basaltic andesite and basaltic trachyandesite-trachyandesite series, respectively (see Fig. 6 ). 
Feldspars.
The phenocrysts and subphenocrysts of all rocks consist of Ca-Na plagioclase (Table 5) . Figures 8a and 8b show an evidently dominating set of plagioclase points, with normal and higher alkalinity and a good correlative relationship. A discreteness is noted within that field with an intermission in the An 72-73 region in minerals from basalts and in the An 64-73 region in trachybasalts (see Fig. 8a ), providing evidence of intermittent stage-like crystallization of the associated rocks. The plagioclases at the earlier stages of basalt crystallization have basic compositions with the maximum concentration of the anorthite minal from 88%, which are inherited in basaltic andesites, while in the plagioclases from trachybasalts one observes a higher concentration of the orthoclase component in the An 60-65% interval (see Table 5 , Figs. 8a, 8b) . The plagioclases from basalts and basaltic andesites with different degrees of alkalinity both follow a common trend and form (equally as in Fig. 7 ) a fan-shaped series of differently sloping trends starting from the An 60-65 composition (see Figs. 8a, 8b ). In addition, the basalts and basaltic andesites of higher alkalinity contain a generation of plagioclase phenocrysts with concentrations of the orthoclase minal in the 0-0.1% interval that have never been observed in the rocks of higher alkalinity (see Figs. 8a, 8b ). The (1, 2) basalts and basaltic andesites from rocks (1) and from a melt inclusion (2); (3) trachybasalts; (4) basaltic trachyandesites and trachyandesites; (5) microlites in rocks of normal alkalinity; (6) microlites in rocks of higher alkalinity; (7) field of basaltic phenocrysts; (8) field of trachybasaltic phenocrysts. The discrimination diagrams are given after (Poldervaart and Hess, 1951) . En Fs microlites of all rocks follow this pattern, supplementing and extending the evolutionary trend of phenocryst compositions, which is characterized by a pronounced tendency toward a higher orthoclase component in the plagioclases, and reaching Ort 10-13% in oligoclases (see Fig. 8c ). The groundmass also contains potassium feldspar (anorthoclase), which is present as microlites in the trachybasalt-trachyandesite series (occasional grains of it are also encountered in basalts), while in basalts and basaltic andesites of normal alkalinity we detected microsegregations of potassium feldspar in the groundmass basis. We also detected K-Na feldspar with concentrations of Ort up to 63% among trachybasalt microlites and in the matrix of basalt and basaltic trachyandesite (see Fig. 8c, inset) .
Overall, the evolution of the mineral compositions as sampled from the Ploskie Sopki massif shows a typical tendency toward successive variation in accordance with increasing silica concentration (see Figs. 5 through 8). The compositions of minerals from all rock varieties are subject to wide variability, are largely similar, and plot in the same fields, which makes their distributions in the diagrams somewhat chaotic, especially for the moderately silicic rocks. Nevertheless, one notes certain compositional differences that man- ifest themselves as appreciable displacements of fields of data points, and as trends of their evolution for rock series of normal and higher alkalinity, respectively (see Figs. 5 through 8). Minerals at the earlier stages of crystallization of basalts from trachybasalts show significantly higher values of Fo in olivines, An in plagioclases, Mg # Cpx, and lower concentrations of TiO 2 compared with minerals from trachybasalts. As well, basalts are characterized by the presence of orthopyroxene and chromopicotites against titanomagnetites in trachybasalts. The typomorphic mineral parageneses of basic Ploskie Sopki rocks, taking mass determi- (1-7, 11, 12) for legend consult Fig. 5 ; (8) pigeonite microlites from rocks of normal alkalinity; (9) pigeonite microlites from rocks of higher alkalinity; (10) pyroxene from a melt inclusion. F.u. stands for formula units.
Ti, f.u. # Cpx 77 + TiMt for trachybasalts. The difference in paragenetic compositions finds an explanation on the basis of the concept of D.S. Korzhinskii, which is based on the differential mobility of components and their activities. According to this concept, at the same temperature an alkaline magma will release minerals that are depleted in strong bases and enriched in weaker bases, thus favoring the crystallization of olivines, pyroxenes that are enriched in iron and depleted in magnesium, and plagioclases that are depleted in calcium compared with rocks of the normal series (Korzhinskii, 1960) .
The presence of disequilibrium phenocrysts in basaltic andesites, basaltic trachyandesites, and trachyandesites, as well as phenocrysts that are comparable regarding their enrichment in several elements, with the parageneses of minerals in rocks of greater basicity, provides evidence of their incomplete fractionation during magma crystallization and of mixing of differentiates. In addition, all rocks of higher alkalinity were found to contain minerals from parageneses at earlier phases of basalt crystallization; these minerals are obviously not in equilibrium with the rock of the corresponding silicity; this is a sign of mixing for magmas of different alkalinities.
RESULTS AND DISCUSSION
Petrochemical data show that volcanic rocks include volcanic associations that contain rocks of different alkalinities and are subject to different tendencies of evolution (see Figs. 2, 3) . In one case these form a series of rocks of normal alkalinities: basalt-basaltic andesite-andesite, while in the other they have higher alkalinities: trachybasalt-basaltic and trachyandesite-trachyandesite. All petrochemical types of the above-mentioned series are related via intermediate compositions, which may provide evidence of multistage mixing of magmas.
The existence of two series of volcanic rock evolution is expressed as trends of compositional evolution relative to silicity; trends that are nearly parallel as to alkalinity, the concentrations of FeO*, CaO, and MgO, and by differently oriented trends in TiO 2 and Al 2 O 3 (see Figs. 2, 3 ), as well as by displacing the field of mineral compositions, and the fact of nearly parallel phenocryst-microlite trends, and by the difference between mineral parageneses of earlier phases in their crystallization (see Figs. 5 through 8) . All this implies the comparative independence of two coexisting parent magmas that were generated at different magma sources in a region of the upper mantle. The fact that a deep-seated source of trachybasaltic magma did exist is shown by an alkaline-basaltic composition of the plateau rocks (Churikova et al., 2013 (Churikova et al., , 2015a , which reflects the stage of volcanism that preceded the formation of the Ploskie Sopki massif, and by the essential similarity to the scenario enacted in the Tolbachik Dol volcanism (Braitseva et al., 1984; Flerov et al., 2015; Koloskov et al., 2015; Churikova, 2015a Churikova, , 2015b ). This in turn provides evidence that alkaline magma was involved in the general process of volcanic activity on the Ushkovskii stratovolcano with subsequent synchronous existence of a basaltic and a trachybasaltic magma source. The linear character of the compositional variation in rocks of different alkalinities with a typical tendency in the correlative alkalies-silicity relationship provides evidence that their evolutionary series were formed as a result of crystallization differentiation of basaltic and trachybasaltic magmas, respectively. Noting the rare presence of high-Mg basalts in the overall volume of the massif rocks (see Fig. 3d ), we conclude that the composition of the primary (?) basaltic magma seems to correspond to aluminiferous basalt that was characteristic for the earlier stages in the formation of the massif, while high magnesia basalts are a product of crystallo-gravitational differentiation of magma with subliquidus olivines and pyroxenes deposited in the lower parts of the magma source.
It is probable that the entire diversity of volcanic rocks and the parent magmas of volcanic associations derive from the evolution of parent magmas and their transformation over time and space in accordance with a varying geodynamic setting. At the same time the relationship of all manifestations with a single eruption center, the presence of intermediate rock compositions with a tendency (trend) to rapidly increasing alkalinity, the chaotic character of the distribution of mineral compositions from rocks of different alkalinities and their common fields in the diagrams, the presence of minerals that are not proper to typomorphic parageneses of the rock together all imply interaction of the two magmas as they were ascending, leading to the generation of hybrid magmas (see Fig. 2, Figs. 5-8) . One of the features one can use to infer the migration of alkalies during volcanic activity consists in the presence of exotic microsegregations of alkaline feldspar in the groundmass basis of basalts of normal alkalinity, which can be regarded as a manifestation of alkaline metasomatism on an already consolidated rock.
The compositions of mineral parageneses in phenocrysts are discrete (see Figs. 5 through 8); this provides evidence of intermittent stage-like crystallization, hence of a jump-like change in the PT conditions during magma crystallization in the process of the entire volcanic activity that produced the Ploskie Sopki massif. The parent basaltic melts of normal and higher alkalinity moved from the deep-seated sources of their generation to the surface intermittently, producing a set of intermediate chambers in the upper lithosphere where the magmas could mix. The concept of the probable existence of a multi-level set of intermediate chambers during the volcanic process is now accepted by most petrologists and was described in the monograph (Bogatikov et al., 2010) . The basaltic and trachybasaltic magmas that were separated in these chambers experienced differentiation, resulting in basalt-basaltic-andesite associations consisting of rocks of different alkalinities at the stratovolcanoes, while the mixing of these magmas produced hybrid magmas. The change in tectonic setting in the region, which manifested itself as the replacement of centraltype volcanism by fissure volcanism gave rise to a disturbance in the magmatic system and favored resumption of volcanic activity; the result was mass effusions of magma during Late Pleistocene through Early Holocene time (Ponomareva et al., 2013) , which formed the superimposed zone of cinder cones. The temporal intermission of volcanic activity provided a favorable stable setting for fractional differentiation of the magmas in intermediate chambers, probably localized at higher levels in the lithosphere; this favored the formation of basaltic andesites and andesites of different alkalinities, which prevail among the ejecta from the zone of cinder cones. Garnet grains were encountered in basalts; garnet is a representative mineral of gneisses and crystalline schists (Khanchuk, 1985) and can indicate that the intermediate chamber that produced the basaltic magma of normal alkalinity and its derivatives was located within the Proterozoic crystalline basement. The presence of olivinite xenoliths and of gabbroids that compose the Upper Cretaceous intrusive units in ejecta from the zone of cinder cones implies the existence of intermediate chambers also at higher levels within the Upper Cretaceous volcanogenic-sedimentary rock sequence. Comparing the above with data on the structure of the Kamchatka lithosphere, we believe that these chambers must be at depths of 10-15 and 5 km, respectively (Balesta et al., 1976 (Balesta et al., , 1984 Moroz and Gontovaya, 2016; Nurmukhamedov et al., 2016; Fedotov et al., 2010) . It is supposed that trachybasaltic and basaltic magmas that ascend from the deep-seated sources of their generation frequently came to a common intermediate chamber where they mixed. The presence of xenoliths at different depths also corroborates a multi-level set of intermediate chambers.
The long series of differentiates, high concentrations of aluminia (17-20%), the prevalence of porphyry textures, the petrochemistry and geochemistry of the rocks (Churikova et al., 2001) , as well as the compositions of mineral phases, all provide evidence of an island-arc origin of the lavas in the Ploskie Sopki massif (Frolova et al., 1989; Churikova, 1993) . The tendency in the evolution of the rocks expressed in the steep trend of increasing alkalies implies an alkaline fluid being brought into the magmatic system during volcanic activity, which increased the alkalinity in the basaltic magmas. A similar scenario was previously proposed by Churikova et al. (2001) for the high potassium rocks in the Central Kamchatka Depression. The diagram of Fig. 9 shows that the data points for the Ploskie Sopki basalts of both series form a connected cluster, while a displacement of those for the volcanic rocks of higher alkalinity toward the region of riftogenic associations provides evidence of superimposed rifting.
The magma generation processes in the evolution of the Ploskie Sopki and Tolbachik Dol volcanic centers, as expressed in interrelationships between magmas of different alkalinities, are essentially similar; this may indicate the coexistence of independent sources where basaltic and trachybasaltic melts are generated in the upper mantle beneath the entire Klyuchevskoi Volcanic Cluster (Flerov et al., 2015; Churikova et al., 2015a Churikova et al., , 2015b Koloskov et al., 2015) . In fact, this concept of two coexisting sources where basaltic and alkaline basaltic magmas are generated, as well as their occurrence at a common volcanic center, is reflected in Fig. 9 . The Ti-K diagram for Ploskie Sopki volcanic rocks.
(1) rocks of normal alkalinity; (2) rocks of higher alkalinity. The evolutionary trends for basalt compositions (Lutts, 1980) paleovolcanism as polygenic volcanic massifs that were formed in the geological past (Flerov and Seliverstov, 2008; Koloskov et al., 2011; Flerov et al., 2014 Flerov et al., , 2016 .
CONCLUSIONS
(1) The magmatic activity of the Ploskie Sopki massif is related to the occurrence of basaltic magmas of normal and higher alkalinity. The basaltic volcanism reflects an earlier phase of magmatic activity, viz., the formation of the shield volcano that is the piedmont of the stratovolcanoes. The Ushkovskii stratovolcano inherited the eruption center of the previous phase and began as voluminous eruptions of high alumina basaltic magma of normal alkalinity, while its subsequent activity was characterized by synchronous eruptions proceeding from a common eruption center of basaltic and trachybasaltic magmas that are represented by the differentiated basaltic andesite and the trachybasalt-basaltic-trachyandesite series, respectively. The formation of the stratovolcanoes was terminated by purely basaltic eruptions of Krestovskii Volcano. The volcanism that took place during the terminal phase in the activity of the Ploskie Sopki massif was remarkable in discharging basaltic trachyandesite and trachyandesitic magmas, and to lesser degree basaltic andesite magmas that derived from the trachybasaltic and basaltic magmas, respectively.
(2) The volcanism that has formed the Ploskie Sopki massif was due to the operation of two deepseated sources where melts of different alkalinities were generated, that is, basaltic and trachybasaltic melts, which provides evidence of inhomogeneities in the material composition of the upper mantle substratum. The melts were transported upward to the surface via a set of intermediate chambers, thus favoring differentiation of the magmas as they ascended.
(3) The processes that have been responsible for the evolution of magmas of different alkalinities and for the formation of various types of volcanic rocks are intermittent stage-like crystallization and fractional crystallization in intermediate chambers and their mixing, producing hybrid magmas.
(4) The Ploskie Sopki volcanism is of the islandarc type with some hybrid features and the occurrence of rifting features during the terminal stage of the formation of the massif.
